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ABSTRACT: Nutrient limitation of phytoplankton production was assessed monthly from 1987 through
1990 in the lower Neuse River Estuary, North Carolina, USA, a well-mixed, mesotrophic system.
Nutrient addition bioassays indicated that the lower estuary experienced a general state of nitrogen
limitation, with especially pronounced limitation during summer months, a period of high phytoplank-
ton productivity. Bioassays conducted during spring months showed significantly greater stimulation of
algal productivity with the addition of nitrogen and phosphorus than that found with nitrogen addition
alone. This co-stimulation occurred during periods when surface-water dissolved inorganic nitro-
gen : dissolved inorganic phosphorus ratios were elevated above typical values of <5. Seasonal patterns
in ambient nutrient concentrations revealed nitrogen maxima associated with spring, fall, and winter
runoff events, with summer minima. Hydrologically driven nitrogen loading exerted a strong, year-
round influence on primary production and nutrient limitation charactenstics. High-flow events acted to
oversaturate the upper estuarine nutrient filtering capacity, resulting in increased delivery of nitrogen to
the lower estuarine environment. The phytoplankton community responded to increased flow and
concomitant nutrient loadings by increasing production and biomass levels, often very rapidly. In this
regard, hydrologic factors influencing nitrogen loading {terrigenous runoff, point source inputs, and wet
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and dry atmospheric deposition) are key determinants of the trophic state of this estuary.

INTRODUCTION

The Neuse River Estuary comprises the southern-
most part of the Albemarle-Pamlico estuarine system
(APES), by area the second largest estuarine system in
the continental United States (Epperly & Ross 1986).
Draining 12 % of North Carolina, the Neuse River
watershed stretches over 16000 km? two-thirds of
which is wetlands and forests (Christian et al. 1991).
Despite the largely rural location of its drainage basin,
the APES is receiving ever-increasing loads of both
nitrogen and phosphorus as North Carolina’s agricul-
tural, industrial and urban sectors grow and diversify.
Annual loading of total nitrogen and total phosphorus
to the Neuse River has been estimated to have
increased by about 60 to 70 % over the past century
(Stanley 1988). Most of this increase has occurred du-
ring the past 40 yr, largely due to increased effluent
from point source discharges. The Neuse River has
experienced a 650 % increase In sewage treatment
plant discharge since 1950 and now carries the greatest
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total wastewater flow of any river in the state, averag-
ing 200 million gallons (7.6 x 10° m®) per day (US
Geological Survey 1990).

Current N and P loading has resulted in periods of
very high phytoplankton biomass in the freshwater
portion of the Neuse River, including periodic blooms
of the toxic blue-green alga Microcystis aeruginosa
(Paerl 1987). Chlorophyll @ (chl a) concentrations
ranged from winter lows of 1 to 2ug 17! to summer
concentrations averaging around 20 pg 17!, ranging as
high as 1500 to 2000 ug 1! in blue-green algal surface
scums (Paerl 1987).

Estuaries are generally considered sinks for dis-
solved inorganic nitrogen and phosphorus (DIN and
DIP), acting as filters for downstream coastal systems
(Fisher et al. 1988a). Dissolved nutrients are assimi-
lated by the nutrient-limited phytoplankton com-
munities in the upper estuary and incorporated into
particulate fractions. This filtering capability normally
reduces the very high DIN and DIP concentrations in
the Neuse River by as much as 2 orders of magnitude as
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water flows into the lower estuary (Christian et al.
1989). However, high-flow events can exceed the filter-
ing capacity and deliver large amounts of nutrients
from nutrient-enriched rivers to their receiving
estuaries. Winter-to-spring maxima in freshwater dis-
charge, and resulting high flows, are characteristic of
mid-latitude river systems (Malone et al. 1988). In the
Neuse River, 60 to 85 % of the annual N load has been
reported to discharge into the estuary during high flow
in late winter and early spring months {Paer]l 1987,
Christian et al. 1989). Similarly, in the nearby Pamlico
River (Kuenzler et al. 1982) and in the Chesapeake Bay
(Malone et al. 1988), the majority of nutrient loading
has been found to occur during the winter-spring high-
flow periods. This winter-spring high-flow, high-
nutrient-loading phenomenon, combined with increas-
ing nutrient loading, may represent the greatest threat
to the assimilative capacity of estuarine systems as a
protective mechanism against eutrophication and
associated problems (Nixon 1986, Copeland & Gray
1989, Nowicki & Oviatt 1990).

The lower Neuse River Estuary (LNRE) was found to
exhibit an annual primary productivity cycle typical of
temperate estuaries: winter minima and summer maxi-
ma, in concert with temperature and irradiance pat-
terns (Mallin et al. 1991). However, DIN concentration
was found to be strongly correlated with phytoplankton
productivity, leading to off-season algal blooms coinci-
dent with nitrogen input {(Mallin et al. 1991). Surface-
water nitrate concentrations were found to be inversely
correlated with salinity, attesting to the importance of
freshwater input as a nutrient loading source (Mallin et
al. 1991). Here we present the results of a 3 yr study in
the LNRE focusing on variations in nutrient limitation
of phytoplankton primary production and biomass, and
on the seasonal and hydrological factors controlling
them.

The nutrient addition bicassay techniques used in
this study measure limitation of the potential rate of net
production (Howarth 1988). Measurement of potential
net production is appropriate if the primary interest is
in the effects of eutrophication. It is in this context that
the term nutrient limitation is used in the present

paper.

METHODS

Field trips were conducted at 1 to 1.5 mo intervals at
Stns 1, 5, and 6 (Fig. 1), located near the mouth of the
LNRE. Stn 1is at channel marker 1 at the confluence of
the South River and the LNRE. Stn 5is ca 1 km N-NE of
Stn 1. Stn 6 is across the LNRE, ca 6 km N-NE, at
channel marker 6, southwest of the confluence of Broad
Creek and the LNRE. These stations form a transect
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Fig. 1. Sampling locations (Stns 1, 5, and 6) in the lower Neuse
River Estuary, North Carolina, USA

from a segment of the estuary where freshwater input
from the South River can exert a large influence (Stn 1)
to a segment more characteristic of the vast meso- to
euhaline component of the APES (Stn 6).

Salinity, dissolved oxygen, temperature, and photo-
synthetically active radiation (PAR, 400 to 700 nm)
depth profiles were measured at each station. Salinity
was measured with a YSI Model 33 salinometer. Dis-
solved oxygen and temperature were measured with a
YSI Model 54 DO meter. PAR was measured with a LI-
COR LI-193SB Spherical Quantum Sensor.

Surface samples were collected at all stations for
measurement of dissolved nutrient content and chl a
concentrations. Samples were transported on ice, in
darkness, back to the Institute of Marine Sciences
(IMS), where they were filtered under gentle vacuum
(200 torr). Both filtrate and filters were stored frozen
(=20°C) until analyses. Nutrient analyses on the filtrate
included NH,*, NO5~, and PO,*~ content, utilizing colo-
rimetric techniques (Strickland & Parsons 1972). Chl a
concentrations were measured on 300 ml samples, fil-
tered onto Whatman 934 AH glass fiber filters (~1 um
porosity). Chla was extracted with 90% acetone
{(MgCOgs-buffered), and analyzed using a trichromatic
equation (Parsons et al. 1984).

Nutrient addition bioassays were conducted on
water transported from Stn 6 to the IMS in 251 car-
boys, except in December 1988 and October 1989,
when Stn 5 water was used. Three liters of sample were
placed in 4 1 Cubitainers (95 % transparent to PAR) on
the day of collection. The following nutrient addition
treatments were conducted in triplicate: (1) control - no
nutrient addition; (2) 14.3 uM NO;~ amendment; (3)
28.6 uM NO;™ amendment; {(4) 14.3 uM NO3;™ + 3.2 uM
PO.*~ amendment; (5) 3.2 uM PO,*” amendment; (6)
trace metals amendment, consisting of 2 ug 17! each of
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Fe, Mn, Cu, Zn, Co, and Mo; (7) 14.3 uM NO;z~ +
3.2 M PO,*~ + trace metals amendment. A 10 uCi
aliquot of '*C-NaHCO; was added to each Cubitainer
to allow measurement of photosynthetic '*CO, assimi-
lation as an estimator of microalgal growth (Paerl
1983). A silica amendment (1.5 pg 17') was substituted
for the trace metals amendment [Treatment (6) above]
in bioassays from April 1989 through October 1989.

Cubitainers were floated in a 1 m deep cement pond
at IMS. Bogue Sound water was pumped through the
pond to maintain ambient water temperatures. For 4 d,
daily subsamples were collected for chl a and **C con-
tent. Chla was measured as above. Assimilation of
CO, was measured on 50 ml subsamples filtered
through Whatman 934 AH glass fiber filters. Filters
were fumed with HCI vapors for 30 min to remove
abiotically precipitated *C, dried, and treated with
Ecolume fluor. '*C content was determined using a
liquid scintillation counter (Beckman TD 5000 or LS
7000).

Statistical analyses of bioassay data were performed
on the 4 d average of each replicate. An ANOVA pro-
cedure with an LSD multiple comparison technique
(SAS/STAT 1987, Day & Quinn 1989) was conducted to
determine significance of difference between treat-
ments (o« = 0.05) within each bioassay experiment.

To facilitate display of the bioassay data set (see
Figs. 4 & 5), biomass stimulation (estimated as chla
minus control) and primary productivity stimulation
(estimated as *C assimilation minus control) were
averaged for each treatment over the 4 d of each bio-
assay. Plotted error bars for bioassay biomass stimula-
tion (see Fig.4) and primary productivity stimulation
{(see Fig. 5) represent pooled sample standard errors of
the mean.

RESULTS

The LNRE (Stns 1, 5, and 6; Fig. 1) typified a shallow,
temperate estuary during the 1987-1990 study period.
Low winter temperatures ranged from 3 to 7°C and
high summer temperatures were near 29°C.

Maximum salinities occurred during the winters of
1987-88 (19 ppt) and 1988-89 (21 ppt) and during late
summer and fall 1990 (19 ppt)} (Fig. 2). Minimum
salinities generally occurred in spring (12 ppt in 1988,
5 ppt in 1989, 6 ppt in 1990). Variations in salinity were
strongly dependent on river flow (Fig. 2) and local
rainfall {measured at IMS; Fig.2), although winds are
very important in moving water in and out of this
estuary (Wells & Kim 1989). Winds out of the north to
west tend to push mesohaline Pamlico Sound water
into the estuary, while winds out of the south to east
tend to move water out of the estuary, allowing
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Fig. 2. (Top) Neuse River mean monthly flows (x 1000 ft
or X283 m™3s7!), at the US Geological Survey gaugmg
station in Kinston, North Carolina. Dashed line represents
60 yr average flow (J. D. Bales, US Dept of Interior, Geological
Survey, Water Resources Division, Raleigh, North Carolina).
(Middle) Surface measurements of salinity at Stns 1, 5, and 6
(see Fig.1). Continuous line represents means of stations
measured. (Bottom) Monthly rainfall totals at the Institute of
Marine Sciences, Morehead City, North Carolina. Dashed line
represents average monthly precipitation for the southern
section of the Albemarle-Pamlico estuarine system area
(118.5mm mo™}) (H. Porter, University of North Carolina
Institute of Marine Sciences, Morehead City)

replacement by oligohaline Neuse River water. While
hydrologic flow data are not available for the LNRE, the
US Geological Survey (Raleigh regional office) pro-
vided us with mean monthly flows in the Neuse River at
Kinston, North Carolina (Fig. 2). Although Kinston is ca
100 km upstream of our sampling sites, discharge at
Kinston represents a major portion of the discharge into
the LNRE (Christian et al. 1989, US Geological Survey
1990).
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Low monthly mean flows at Kinston prevailed from
November 1987 through February 1989 (Fig. 2). Mean
flow was only 53% of the 60 yr average during this
16 mo period. This reflects the abnormally low rainfall
experienced in the Neuse River watershed during this
period. Monthly mean flows increased dramatically in
March 1989 and continued at high rates through May
1989. In this 3 mo period, 50% of the annual flow
was discharged. Monthly mean flows subsequently
decreased through summer to a low in September
1989. After September 1989, monthly mean flows gen-
erally increased to moderate levels by winter. Overall
mean flow in 1989 was 195% of the 60 yr average.
Moderate flow continued through April 1990 and then
decreased to low levels in summer 1990. Overall mean
flow in 1990 (to 29 September 1990) was 129 % of the
60 yr average, although 84 % of this was discharged by
the end of April.

Salinity levels in the LNRE dropped sharply during
the spring 1989 flood period, reflecting increased fresh-
water input (Fig. 2). Low salinities during winter/early
spring 1990 co-occurred with increased monthly mean
flows at Kinston, the result of heavy rainfall upstream
in the Neuse River watershed. There was little precipi-
tation during the remainder of 1990, and increased
salinities reflected this (Fig. 2). The decrease in salinity
during spring 1988 was not as great as that measured
during the spring periods of 1989 and 1990 (Fig. 2).
Mean monthly flows at Kinston only increased slightly
during spring 1988 (Fig. 2). Increased rainfall at IMS
during May and August 1988 also appeared to corres-
pond with decreases in salinity (Fig. 2).

The LNRE appeared well mixed during this study.
Temperature and dissolved oxygen vertical profiles
revealed a general absence of stratification (data not
shown). While dissolved oxygen concentrations
declined with depth during some warm periods, bot-
tom-water anoxia was not measured during the study
period.

Ammonium concentrations, [NH,"], were generally
low, with the majority of values ranging from below
detection (0.07 uM) to <3 pM. Six samples having
[NH,*] values ranging from 4.7 to 8.2 uM were meas-
ured from September 1989 to May 1990. No seasonal-
ity or hydrologically related patterns were detected
(Fig. 3). Nitrate concentrations, [NO;™], were generally
low, with concentrations ranging from below detection
(<0.05uM) to ca 1.2uM (Fig. 3). Relatively higher
[NO;7] (0.3 to 11.4 uM) were measured coincident with
high flow in spring 1989, in late September 1989, and
again in January, February and May 1990 (Figs. 2 & 3).

DIP concentrations, [PO,*7|, seemed to vary on a
seasonal basis but also showed dependence on hydro-
logic conditions. The general seasonal pattern
observed was one of very low [PO,°7] from late winter
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Fig. 3. Nitrate, ammonium, and phosphate concentrations in
surface waters at Stns 1, 5, and 6 (see Fig. 1). Continuous line
represents means among stations

through spring, increasing to higher levels from sum-
mer through fall. Summer maximum [PO,*7] were
higher in 1989 and 1990 (3.9 and 3.8 uM respectively)
when compared to those in summer 1988 (2.9 uM). In
winter 1989-90, however, hydrologic factors overrode
the seasonal influences on [PO,*"]. The [PO,*"] meas-
ured in December 1989 was the highest measured
over the entire study period (8.2 uM). High [PO,*"]
continued in January and February 1990, ranging from
1.5 to 4.8 uM. During spring and summer 1990 the
seasonal [PO,>"| pattern was re-established, with typi-
cal spring lows and summer highs.

Bioassay results indicated that nitrogen availability
was clearly a dominant factor controlling phytoplank-
ton production and biomass. Algal biomass and pri-
mary production were strongly stimulated (p <0.05) by
the addition of NO;~ (when compared to controls in
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individual bioassay experiments) in spring, summer
and fall (Figs. 4 & 5). In bioassays conducted from July
through October 1988, 1989, and 1990, addition of
28.6 uM NO3;~ resulted in increased stimulation of bio-
mass and primary production (p<0.05) when com-
pared to the lower 14.3 uM NO;~ addition treatments,
indicating more severe constraints on nitrogen avail-
ability during these months.

During the winter and early spring months between
November 1987 and May 1989, NO;~ additions con-
tinued to stimulate biomass and primary production
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Fig. 4. (Top and middle) Chlorophyll @ concentration of

selected nutrient addition treatments minus controls, aver-

aged over the 4d of each bioassay. N(14.3) and N(28.6)

respectively indicate addition of 14.3 and 28.6 um NO;~

P(3.2) indicates addition of 3.2 um PO,®~. Error bars not visible

are smaller than symbol. (Bottom) Dissolved inorganic nitro-

gen : dissolved inorganic phosphorus (DIN:DIP) ratio (by
atoms). No error bars plotted
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Fig. 5. (Top and middle) '*C assimilation of selected nutrient

addition treatments minus controls, averaged over the 4 d of

each bioassay. Symbols as in Fig. 4. (Bottom) Nitrate,

ammonium, and phosphate concentrations in surface waters

at Stn 6 (see Fig.1). Data are compiled from Fig. 3 and pre-
sented here for comparative purposes

(p <0.05, except in December 1988 and March 1989),
though less so than during respective summer and fall
months. High NO;~ additions during these winter and
spring months showed no additional stimulation of
biomass and primary production when compared to the
low NO3™ addition treatment.

During the winter and early spring months of
1989-90, however, high NO;~ additions continued to
yield additional stimulation of biomass (p < 0.05) when
compared to lower NO3;~ addition (except in
December). Stimulation of primary production by the
low NO3;~ addition appeared greater in winter 1989-90
when compared to the previous 2 winters, but no addi-
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tional stimulation in response to the high NO3™ addi-
tion was detected.

Addition of PO,*” alone stimulated primary produc-
tion relative to controls (p < 0.05) in only 1 bioassay
{(March 1989}, but failed to enhance biomass relative to
controls, when averaged over the 4 d bioassay period
(Figs. 4 & 5). However, during the spring months of
1988, 1989 and 1990 when PO,*~ was added together
with NO3;~, biomass and primary production were
stimulated over levels found when NO3;~ was added
alone (p < 0.05). The co-stimulation of phytoplankton
biomass and production by N and P appeared to be
associated with periods of relatively high DIN:DIP
ratios in the water column (Fig. 4), which occurred
during spring months.

Trace metals, added either alone or in combination
with nitrogen and phosphorus, failed to exhibit any
impacts on algal growth potentials (data not shown);
we therefore conclude that natural availability of these
metals exceeds phytoplankton growth requirements in
the LNRE.

Silica (1.5 ng 17!) was added as a bioassay treatment
from April 1989 through October 1989. Limitation of
diatoms by silica depletion may occur in systems that
are nutrient-enriched (Oviatt et al. 1989). Our bioassay
results indicated that silica was not limiting phyto-
plankton biomass or production in the LNRE, at least
during spring, summer, and fall 1989,

DISCUSSION

Bioassay results suggest a nutrient limitation pattern
in phase with estuarine phytoplankton biomass con-
centrations and production rates. Severe nitrogen limi-
tation occurred in summer when algal biomass and
production were high. There was a somewhat less
pronounced nitrogen limitation in fall and winter, when
biomass and primary production rates were at annual
minima. Nitrogen and phosphorus co-stimulation
occurred in spring. With the exception of winter
1989-90, these patterns recurred in years when flow
and hence loading were low (1988), near average
(1990), and high (1989).

During periods when DIN:DIP ratios were > 10,
phosphorus enrichment often played a synergistic role
with N in stimulating phytoplankton growth potentials
(Fig. 4). Stimulation of phytoplankton biomass and
productivity by N and P relative to N alone, but not by P
alone, at these times was likely related to water-
column [PO,*”] which was not far in excess of phyto-
plankton demands. The [NO3;7] at Stn 6 in March 1989,
for example, was 4.4 uM (Fig. 5), which only neces-
sitates a [PO,°7] of 0.3 uM to supply nutrients to the
phytoplankton if we assume that requirements approx-

imated the Redfield ratio. Bioassay PO,>~ enrichments
were made at 3.2 uM, resulting in exhaustion of N
supplied in the experimental vessels with PO,*~ enrich-
ment alone.

Other estuaries have been found to exhibit seasonal
variations in nutrient limitation. In the Patuxent River
estuary, a tributary of the Chesapeake Bay, USA, algal
growth was found to be N-limited during the summer,
low-flow season, and P-limited during the late winter,
high-flow season (D'Elia et al. 1986). As in the LNRE,
DIN:DIP ratios were elevated during P limitation.
Graneli et al. (1990) also found P limitation in winter,
and N limitation in spring and summer, in the coastal
areas of the southern Baltic Sea. In the nearby shallow
estuaries around Beaufort (Fig. 1), Thayer (1974) found
that photosynthesis was limited at times by both nitro-
gen and phosphorus but that nitrogen was most often
the key limiting nutrient.

The nutrient addition bioassay technique is an
attempt to model, on a small scale, certain functions of
the ecosystem under investigation. As with all models,
their relationship to the natural system has limits. In
bioassays, limitations are generally related to the
enclosure of a volume of water in a bottle of some kind.
Bottle effects include growth of organisms on the walls
of the bottle, alterations of the natural food web, and
isolation of the enclosed community from lateral or
sediment nutrient fluxes. Other experimental artifacts
include light regimes which differ from in situ
exposures, or exclusion of long-term physiological
responses (Hecky & Kilham 1988, Howarth 1988).

While these are all valid criticisms of the methodol-
ogy, it is likely that the most critical of these in the
study of a system dependent on nutrient recycling are
the questions raised regarding isolation from nutrient
fluxes, particularly of nitrogen. Research conducted in
the LNRE has suggested that nitrogen flux from the
sediments supplies 10 to 50% of phytoplankton
requirements (Fisher et al. 1982, Matson et al. 1983).
However, much of this flux is from short-term pulses
due to rapid degradation of newly sedimented materi-
als at the sediment surface (as discussed below; Fisher
et al. 1982, Matson & Brinson 1990). On average,
water-column nutrient recycling has been considered
to be of as great or greater importance than sediment
regeneration in the LNRE (Matson et al. 1983). Hetero-
trophic grazing is considered an important pathway in
water-column nutrient recycling. In the present study,
zooplankton were contained in the water used to fill the
bioassay Cubitainers and were readily visible in filter
towers as subsamples were concentrated onto filters.
The principal crustacean grazer species found in the
estuarine water collected include Acartia tonsa, Para-
calanus crassirostris, QOithona colcarva, Podon poly-
phemoides, and Evadne nordmanni (Mallin 1991).



Rudek et al.: Control of nutrient limitation in an estuary 139

While we recognize that the bioassay technique used
included wunavoidable experimental artifacts, we
believe that the presented results reflect an accurate
assessment of the limitation of the potential rate of net
production, the stated goal of these experiments. This
conclusion is supported by the complimentary nature of
the bioassay results and the field and productivity
results also discussed in this report, and in Mallin et al.
(1991) and Paerl et al. (1990).

The LNRE exhibited an underlying pattern of sum-
mer productivity peaks which were associated with the
contemporaneous interaction of increased light and
water temperature (Mallin et al. 1991). Additional pro-
ductivity peaks in any season of a given year can be
stimulated by nitrogen loading pulses, which, in turn,
are driven by meteorological/hydrological forcing in
the form of increased rainfall and subsequent runoff
(Mallin et al. 1991). As important as these high-flow
events were to nutrient delivery, disruptions were rela-
tively short-lived (1 to 3 mo), as seasonal patterns of
phytoplankton biomass, primary production, and sur-
face-water nutrient concentrations were subsequently
re-established.

The impact and duration of hydrologically driven
nutrient loading in the LNRE is best illustrated by
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Fig. 6. (Top) Surface measurements of chlorophyll a at Stns 1,
5, and 6 (see Fig. 1). (Bottom) Areal productivity values meas-
ured at Stns 1, 5, and 6. Continuous lines represent means
among stations measured. Data from February to October
1990 added to figures adapted from Mallin et al. (1991)

providing a chronology of the major loading events
which occurred during this study. In spring 1989, very
sharp increases in flow (Fig. 2) rapidly flushed nutrients
from the watershed into the estuary. This high-flow
event resulted in elevated [NO; ] (Fig. 3) and sharply
reduced salinities (Fig. 2) near the mouth of the estu-
ary. The runoff which fueled this spring flood may have
been excessively high in NO3;™ as a result of recently
fertilized farm fields in the watershed (Showers et al.
1990). The bioassays showed no stimulation of either
phytoplankton biomass or production at the beginning
of this flood period, indicating N sufficiency. Chl a
concentrations and primary productivity increased
almost 4-fold on average across the estuary, from Feb-
ruary to March 1989 (Fig. 6), indicating substantial
phytoplankton nutrient assimilation. In April and May
there was evidence of the influence of freshwater and
nutrient discharge at Stn 1 (Fig. 1), as salinities
declined from Stn 6 to Stn 1 (Fig. 2) and chl a (Fig. 6)
and [NO;7] (Fig. 3) increased. By June 1990 salinity
increased, and mean flow, [NO3;7], [chl a], and primary
production had all declined. A bloom of cryptomonads
occurred in April and May and declined by June (Mal-
lin et al. 1991).

A second, smaller hydrologic event occurred in Sep-
tember 1989, when elevated rainfall was measured at
IMS (Fig. 2) concomitant with increased surface-water
[NO3;7] (Fig. 3). This increase in [NO3 ™} led to pulses of
primary production and phytoplankton biomass
(Fig. 6). Cryptomonads dominated the flora during this
event as well (Mallin et al. 1991).

A third major loading event occurred in winter
1989-90. Unlike the spring 1988 flood, there was no
sharp increase in flow measured at the Kinston gaug-
ing station; rather, flow steadily increased through fall
(Fig. 2). Local rainfall in December 1989 was substan-
tial (Fig. 2), with more than half of it (100 mm) falling
the week prior to our sampling date. Salinity transects
across the estuary (Fig. 2) from November 1989
through April 1990 suggest an influence of freshwater
discharge at Stn 1. The accumulation of PO,*” in the
water column in December may have been a result of
high local runoff and sediment loading. However,
40 km upstream from our stations, the Cherry Point
Sewage Treatment Plant reported that 30000 gallons
(110 m3) of raw sewage was discharged into Slocum
Creek, a tributary of the LNRE, on 10 December 1989,
the day before our samples were collected (Clean
Water Fund of North Carolina 1990). Additionally, a
5000 gallon (19 m® raw sewage discharge from the
same plant was reported on 11 January 1990. The
result of the nutrient load to the LNRE (from all sources)
was a 5-fold increase in [chl a] and productivity (Fig. 6)
at Stn 6 from December to January. A bloom of
Heterocapsa triquetra spread across the estuary, from
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Stn 6 in January to Stns 1 and 5 in February (Mallin et
al. 1991). By April and May, [chl a] decreased to levels
observed during the previous 2 springs.

The bioassays showed a progression from severe N
limitation in fall 1989 (high NO3;™ stimulation) to no
stimulation in December (loading event), to N limita-
tion during the bloom, and to N and P co-stimulation of
the algal community in April and May, after the bloom
declined. The phytoplankton community in April and
May may have been dependent on nutrients regener-
ated from the organic matter previously sedimented to
the bottom as a result of the bloom decline in March.
While no decline in bottom-water dissolved oxygen
was detected during this period, there are several lines
of evidence to suggest heterotrophic nutrient remin-
eralization. The DIN:DIP ratio (Fig. 4) in May 1990
was 13.2, close to the Redfield ratio for phytoplankton
and therefore expected if remineralization were
operating. Additionally, [NH,*] showed an increase in
May 1990 at all stations (Fig. 3), suggesting that
ammonification rates were high. After a bloom decline
and rapid sedimentation in the Aarhus Bight,
Denmark, Jensen et al. (1990) measured a sharp 7.5-
fold increase in NH,* sediment flux, which lasted ca
1 mo. Bottom waters remained oxic during reminerali-
zation in the Aarhus Bight but did decline to 60 %
saturation. Interestingly, Jensen et al. (1990} also sug-
gested that an increase in denitrification may have
accompanied the remineralization of the sedimented
bloom. The soft, gel-like muds found in the LNRE are
indicative of rapid-sedimentation environments (Wells
& Kim 1989). Work done by Benninger & Martens
(1983) and Matson et al. (1983) suggests rapid
remineralization of sedimented organic matter in the
LNRE, with little or no sediment accumulation. Lastly,
the N + P co-stimulation observed in the bioassays
preferentially stimulated algal production, showing
less stimulation of biomass. This is indicative of a com-
munity dependent on nutrient recycling, fixing carbon
with little net gain in biomass. The release of nutrients
from sediments has been shown to be important in
supplying nutrients for phytoplankton assimilation in
the LNRE (Christian et al. 1991) as well as in neigh-
boring estuarine systems of the APES (Stanley & Hob-
bie 1977, Kuenzler et al. 1979, 1982, 1984, Fisher et al.
1982) and the Chesapeake Bay (Malone et al. 1988).
Grazing can also be an important component of nu-
trient recycling in algal communities dependent on
regenerated nutrients (Litaker et al. 1988).

The series of events from fall 1989 through spring
1990 illustrates how the LNRE is dependent on acute
loading events to supply nutrients eventually needed
for chronic nutrient recycling. However, despite the
inter-annual variations in hydrologic and nutrient load-
ing events during our study, it is striking how similar

phytoplankton production and biomass levels were
after the high-flow season, when compared among
years. The summer production and chl a levels from
1988 to 1990 were quite similar, with estuarine average
ranging from 1.0 to 1.4 g C m~%d~" and from 15.4 to
20.6 ug chl a 17! (Fig. 6). The fate of the algal biomass
produced in the winter—-spring floods of 1989 and 1990
is not known, although some was likely converted to
increased zooplankton biomass (Mallin unpubl.).

Malone et al. {1988) have suggested that partially
stratified estuaries, like the Chesapeake, are particu-
larly responsive to nutrient enrichment. They found
that spring flood nutrients were retained in bottom
waters after the spring bloom declined, subsequently
supporting a summer productivity maximum season-
ally out of phase with loading. In contrast, the LNRE is
well mixed. Nutrient loading, primary production, and
[chl a] cycles are all in phase, perhaps suggesting a
limited nutrient storage capability. Flushing of
nutrients through the Chowan River (Stanley & Hobbie
1977) and the Pamlico River Estuary (Harrison & Hob-
bie 1974) have been recognized as important factors in
preserving the water quality of those systems under
large nutrient loads. Nowicki & Oviatt (1990) refuted
the estuarine filter concept, suggesting that most of the
N and P load to well-mixed estuaries is transported
offshore as dissolved organic and particulate matter.
However, the sounds of the APES have extremely
limited tidal exchange with offshore waters. Wells &
Kim (1989) speculated that very little sediment is likely
to escape the sounds through the 3-inlet system which
links the APES to the Atlantic Ocean. Given this, it
would not bode well for the future of Albemarle and
Pamlico Sounds if the system's tributary estuaries were
being flushed or transporting their nutrient load as
dissolved and particulate organic matter downstream.
Current flow data presented by Wells & Kim (1989),
however, suggest the strong potential for upstream
transport of sediments in the Neuse and Pamlico River
estuaries. Significant trends of increasing [chl a] in the
LNRE since 1970 coupled with decreasing trends in
NO;~ and NH,* plus organic nitrogen since 1980 (US
Geological Survey 1990} suggest that the estuary may
be retaining some of the nutrient load it is receiving
through the incorporation of dissolved nutrients into
the particulate fraction. An investigation of the struc-
ture and function of plankton communities in the Pam-
lico Sound proper would be desirable as a means of
assessing trophic state and eutrophication potential,
and of determining whether the sound functions as a
‘catch basin'.

When considering nitrogen loading sources and their
specific inputs, atmospheric wet and dry deposition
should recelve increased attention (Paerl 1985, Duce
1986). This source appears to be of quantitative import-
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ance (20 to 30 % of total external N loading; Placit et al.
1986, Fisher et al. 1986, Copeland & Gray 1989). In
addition, bioassay results (Paerl et al. 1990) revealed a
strong stimulatory impact (on phytoplankton produc-
tion) of atmospheric N deposition at natural dilution
levels in LNRE. Atmospheric N inputs can occur down-
streams of regions where terrigenous point and non-
point N inputs are usually stripped out of the water
column by upstream phytoplankton. Atmospheric
sources may therefore constitute a unique source of
nitrogenous nutrients in the lower estuarine and open
sound components of APES (Paerl et al. 1990).
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